The habitual response is to call for more roads. However, numerous studies show that an increase in road capacity has limited long-term benefits. "The Fundamental Law of Road Congestion" states that, if new unpriced capacity is added, traffic congestion will become as severe as before the capacity addition 3 . Free roads attract more residents, more transport-intensive commercial and private activity, and other adjustments until congestion is like before. The simple truth is: When roads are unpriced, there is more demand than road capacity. Billions spent on new roads in cities like Los Angeles and Houston did little to reduce commuting times.
Another hope is that artificial-intelligent systems, enabling ride-hailing services and autonomous cars, will solve the looming gridlock. Yet Uber and Lyft appear to increase traffic, which is probably why both services support the introduction of new pricing mechanisms. Self-driving cars will reduce the number of accidents and use the scarce road capacity more efficiently. This, however, will attract additional rides and vehicles. The decrease in costs and increase in the desire for mobility may well swamp any efficiency gains that come with intelligent driving technologies 4 .
Solving the gridlock
Congestion is a pervasive phenomenon because motorists do not have an incentive to take the cost they impose on others into account by adding to the congestion. Yes, we consider the congestion we expect to experience. For instance, we drive to work early, to avoid the worst traffic jam. But we do not consider the cost our driving decision imposes on others. As roads become crowded, the distance between vehicles diminish, and thus the speed required to drive safely must also diminish. This way, each motorist who joins a traffic stream slows others down. Because we have no incentive to care about such social costs, we do much less to avoid congestion than that which is best for society as a whole. This bias toward creating congestion holds irrespective of how much road capacity is supplied, and irrespective of whether transport decisions are made by humans or AI systems-as long as the price for using roads does not reflect social costs.
Yet technology remains the solution to gridlock. Through advances in communications, a vehicle's location can be identified and communicated to within a cubic meter, allowing precise measurement of road use. This makes efficient congestion pricing viable for the first time in the history of roads. By internalizing a driver's social costs at each time and location, congestion pricing surgically reduces demand to eliminate congestion. For similar reasons, dynamic congestion pricing is used with airfares, electricity prices, hotel rates, and train fares. Paradoxically, for road use, demand management not only balances supply and demand, but expands supply and thus maximizes the number of vehicles that can use the road. A freeflowing roadway has up to twice the capacity of a congested roadway at peak times 5 .
Road-use prices that eliminate congestion are feasible. The reason is that, although some motorists are unable or unwilling to change behavior in response to a price, many consumers can flexibly respond to price changes. Responses include curtailing road demand, shifting times of travel, and changing travel routes or modes. Moreover, only a small fraction of drivers need shift during peak times to significantly improve throughput. This is because of the highly nonlinear relationship between travel time and traffic. More vehicles do not affect other motorists' travel times when traffic is below a road's physical limit. But when the road gets close to its physical limit, a small increase in the number of vehicles leads to a decline in throughput of as much as 50%. Put differently, if dynamic pricing can reduce demand by as little as 5%, congestion can often be eliminated.
But what about equity and fairness?
Congestion pricing often raises equity and fairness concerns. However, motorists pay a 'price' even without congestion pricing, but this 'price' is paid in delay cost and travel time uncertainty. Pricing with delay is wasteful and set incorrectly-the delay cost does not reflect the negative externality one user imposes on others. Efficient congestion pricing, on the other hand, eliminates the wasteful cost to drivers-the revenue from congestion pricing is not lost but can be given back to motorists and societyand dramatically improves the use of road capacity in peak times.
Congestion prices are fair. Today, those who drive at peak times, and thus contribute most to congestion and pollution, pay the same price as those who do not impose such costs on others. Indeed, rejecting congestion pricing for fairness reasons is equivalent to demanding subsidies for those who impose the highest cost on others. This is hardly fair. Moreover, most studies show that the rich pay more congestion charges than the poor because they use roads more heavily at the most popular times 6 . If, moreover, revenues created by congestion pricing are used to enhance affordability and to improve public transport, the poor can substantially benefit from congestion pricing, and more so than the rich.
The electricity market provides a useful analogy. What would happen if, say, for fairness reasons a new policy requires that the electricity price is zero at all times? Obviously, those who previously consumed the most and those who previously faced the highest prices would most welcome zero prices. The largest consumers are the richest consumers, and the high-price consumers are those who impose the highest social cost by contributing most to scarcity, congestion and pollution. But even those consumers would suffer from drastically increased total electricity demand leading to clogged networks and blackouts. Of course, abolishing congestion pricing also raises the question of how the infrastructure is financed. For all these reasons, a zero price for electricity is unlikely to find many advocates. So why is a zero price for road use, which has similar implications, still the norm?
One reason is that the effectiveness and benefits of congestion pricing are often underappreciated, and the problems are often overstated. For instance, because of the nonlinear impact of traffic on congestion, one only needs relatively few drivers, and only those who most easily can curb or shift demand, to eliminate congestion. Yet, after people gain experience, support for congestion pricing can be strong. In Stockholm, for instance, before a major road-use pricing trial started, two-thirds were against the charges. After the trial, more than two-thirds were in favor of the charges. In Milan, after gaining experience, eighty percent voted for extending the system to cover more roads and more vehicle types 7 .
The challenges to change can be overcome
Traffic congestion is one of modern societies' major social challenges. Yet, the challenge can be overcome by setting a price that reflects the social cost of road use. The non-pricing of roads stems from the fact that roads were originally uncongested, and that pricing, collecting, and enforcing payments was too costly. This is all history.
Today, cities and governments around the world are looking for new pricing approaches. Experiments in the United States, Singapore, and Stockholm, among others, suggest that, if designed properly, pricing mechanisms to address traffic congestion can be effective. But it is important to understand that those applications are most often limited to a cordon around the city, or to a small set of roads within, and prices typically are not responsive to real-time changes in demand. Thus, the two most salient benefits from efficient congestion pricing-maximal throughput and absence of congestion-have not yet materialized. Now is the time for governments to make the next step toward a comprehensive system of direct, variable road-use charges, allowing a leap forward to the most efficient end-state for road pricing. In fact, in some cases, doing the next step is a logical and incremental path toward eliminating congestion. For instance, Singapore will soon install devices in every vehicle that can measure each vehicle's use of the road network. However, the current pricing of road use is coarse (only at gantries) and unresponsive (updated quarterly). We propose to make prices more granular and gradually move them closer to expected social costs. System performance can be constantly and consistently measured, at each step, so that policy risks are minimized, and the public can see the benefits of the system and its incremental refinement. Moving gradually also allows providers of transport apps, such as Google and Apple, to integrate price information and other innovations into their apps, which help users make better and easier transport decisions.
Then, in the final step, prices are no longer fixed at a given location and time, but adjust in real time as congestion emerges. Thus, prices respond to lane closures or other shocks to supply and demand. This does not involve a significant change for those providing transport apps. The providers simply read the real-time prices periodically, such as every ten minutes. Aside from this dynamic updating, and potentially the provision of smart tools to predict and present future prices, the apps are the same. Also, ride-hailing services and autonomous cars are expected to get compensated for each single ride, which allows seamless integration of dynamic pricing of road use. All this makes the transition to real-time pricing straightforward for consumers, who use the same apps or services as before, but now the prices change in response to events. Consumer risk can be mitigated using forward markets, as we see in modern electricity markets, which must also deal with risks due to stochastic demand and supply shocks in realtime.
Similarly, California and Oregon are experimenting with modern technologies to measure road use. Policymakers are considering the use of a road charge as a potential replacement for the gas tax. Yet, oddly, dynamic pricing has not yet been considered. But measuring road use without dynamic pricing means incurring almost 100% of the cost of a perfectly efficient pricing infrastructure, but then reaping only 10% of the system's benefits. Here, too, policymakers should consider the next, logical step toward congestion pricing to eliminate congestion.
A fully efficient congestion pricing system may seem like a radical idea. However, it has been successfully applied in electricity markets for over a decade. Indeed, the market design for road use can build on the extensive experience from the electricity sector, where today effective and robust mechanisms dynamically price network capacity 8 . Doing so eliminates the inefficiency, frustration and unfairness of current road use. It is the inevitable future of roads.
